A b s t r a c t. The effect of magnetic field on the growth and yield of crop plants is presented based on 80 references on the studies of many authors. The introduction gives an outline of the history of the effect of magnetic field on biological organisms including plants since the second half of the 19th century. Then the role of static and alternating magnetic fields is discussed in relation to seed germination, root and stem growth, yield, protein and chlorophyll content, rhizosphere community.
INTRODUCTION
At the start of the 21st century science faces the serious challenge of ensuring sufficient supply of good and healthy food for the growing population of the Earth. To solve that problem, research is conducted at numerous research centres on the improvement of sowing material of crop plants. One of the many methods being tested is the application of magnetic or electromagnetic fields for that purpose.
The study of the effect of magnetic field on biological organisms, including plants, dates back to the second half of the 19th century. The first documented work in this regard is the publication from 1876 (Reinke, 1876) which presents the results of experiments concerned with the effect of magnetic field on plant development. Based on the presented data no effect of magnetic field on seed germination and plant growth was found. Similarly, no effect of magnetic field on seed germination was observed in the study by D'Astre (1882). Whereas, in a later publication (Tolomei, 1893 ) the effect of faster germination in magnetic field was documented. That was also the first study demonstrating the effect of magnetotropism. The phenomenon of magnetotropism, discovered by Tolomei, was subsequently studied more thoroughly by Audus (1960) . It should also be added that in the years 1900-1901 a twovolume monograph was published (Danielewski, 1901) , in which the author presented an extensive discussion of the experimental and theoretical foundations of the effect of electromagnetic field on various biological structuresfrom cells to entire organisms.
The classic and historical works include also a publication from 1903 (Ewart, 1903) . It reports that in aquatic plants (Valisneria and Chara) placed in magnetic field the movement of cytoplasm ceases if the lines of the magnetic field are perpendicular to the direction of the movement, while a parallel field does not produce that effect. That phenomenon was confirmed thirty years later by Sawostin (1930) who observed that in a parallel magnetic field with flux density of 7000 Oe (0.7 T) the movement of cytoplasm decreases by 15-30%, while in perpendicular magnetic field with the same flux density the cytoplasm movement is accelerated. Sawostin observed also that magnetic field accelerates the growth of plant roots and increases the permeability of cell membrane. He succeeded in growing wheat sprouts that were 100% longer than average ones.
However, the development of biomagnetic studies took place only in the sixties and seventies of the 20th century. At that time, in the United States (Barnothy, 1964 (Barnothy, , 1969 and in the former USSR there appeared significant monographs concerning the effect of magnetic field on biological organisms (Presman, 1971; Cholodov, 1978) .
The nineteen seventies were the time of numerous studies conducted in Canada. In a work published in 1970 (Pitman and Ormrod, 1970) it was demonstrated that wheat kernels subjected to the effect of magnetic field of H=1800 Oe (0.18 T) had a different respiration coefficient than control seeds. Germinating seeds treated with the magnetic field had slower respiration, the difference being 20% after 20 h and getting smaller with further passage of time.
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Whereas, in a study by Pitman and Ormrod (1971) published a year later it was noted that seeds of brewing barley germinated earlier by from 8 to 12 h compared to control. Applying a magnetic field of H=1500 Oe (0.15 T), at temperature t = 23 o C (300 K), and conducting experiments for 120 h (Pitman et al., 1979) , it was found that amylolytic activity in germinating seeds can be caused by magnetic field treatment before soaking the seeds for germination. The appearance of starch encasing fragments of plant tissues indicated that we were dealing with the activity of a-amylase and not b-amylase. The magnetic field distinctly inhibited the activity of that enzyme.
Experiments with seeds of wheat Kharkov 22MC (Pitman, 1967) demonstrated that a weak magnetic field (100 Oe -0.01 T) causes germination accelerated by 8-12 h relative to seeds placed in a magnetic field equal to the geomagnetic field (0.5 Oe -0.05 mT). Moreover, kernels stored at temperature of 26 o C (303 K) grew faster than ones kept at 7 o C (280 K). The differences disappeared in magnetic field with flux density of 1500 Oe. The same author (Pitman, 1963 (Pitman, , 1965 conducted field experiments at agricultural stations in the province of Alberta (Canada). During the four years of the experiments, pre-sowing stimulation was performed for seeds of five wheat cultivars, three barley cultivars, one oat cultivar. Depending of the magnet type used, the value of magnetic induction of static magnetic field varied from 50 to 650 Oe (0.005-0.065 T). The seeds were sown on identically prepared plots. The criterion in the estimation of the stimulation method applied was the yield obtained. In the case of oat no effect of magnetic field was noted. For the three wheat cultivars the responses were varied. Cultivars Nepava and Sundence showed a significant increase of yields in the first two years, but the third year did not confirm that trend. In the case of barley a distinct increase of yields was obtained, in the range of 2.8-6.5 q ha -1 , and moreover the test plants matured earlier by 3-5 days and were taller by 5-8 cm compared to control. Whereas, there was a decrease in the bulk density of the seeds, by 0.96 kg dm -3 . Pitman related the results obtained to the duration of the time between the stimulation and sowing, and with the model of magnet used. That last conclusion appears to be a major methodological error, as it is not the model of magnet that determines the effects of magnetic stimulation, but the character of magnetic field that it generates. Moreover, as indeed he admits, yields are dependent on climate-environmental factors which are not fully researched. Chao and Walker (1967) used a horseshoe magnet with magnetic induction of 600 Gs (0.06 T) for presowing stimulation of seeds of apple, peach and apricot. Apple seeds subjected to the effect of the magnetic field germinated 5 days earlier than control seeds. Their germination lasted for 18 days and was shorter by a week than that of non-stimulated seeds. Also in the case of apricot seeds a positive effect of the magnetic field was observed. The germination was earlier by 3 days and lasted shorter.
In both cases the number of germinated seeds was greater than in the case of control seeds. In the case of peach seeds the magnetic field treated seeds did not germinate at all, and the number of germinated control seeds was negligible, so in that case it was hard to conclude what was the effect of pre-sowing magnetic field stimulation of the seeds on the process of germination.
In Poland the first studies on the effect of magnetic field on seeds were conducted by Kopeć (1984 Kopeć ( , 1985 . They were concerned with the effect of magnetic field on cucumber seeds, but the results obtained were ambiguous. Both a positive effect and an absence of effects were found.
At present studies on the effect of magnetic field on the growth and yields of crop plants are conducted at numerous research centres all over the world.
In the case of pre-sowing stimulation of seeds it is important to identify a physical value which can serve for the determination of the effect of magnetic field on the process of germination and subsequently on the yields. Such a value is the magnetic exposure dose ie the product of the flux density of magnetic field and of the time of exposure.
The magnetic exposure dose is the product of the flux density of magnetic (electric) field and of the time of exposure. The flux density of an electric or magnetic field is defined by an equation obtained by integrating the equation describing electromagnetic field (Pietruszewski, 1999) : where: ε 0 -vacuum electric permittivity, μ 0 -vacuum magnetic permittivity, E -electric field intensity, H -magnetic field intensity, B -magnetic induction.
The flux density of magnetic field will be different when we are using a static magnetic field, and different when we use a variable (alternating) magnetic field. The intensity of magnetic fields is determined by means of teslameters. The teslameter determines the value of magnetic induction on the basis of measurement of Hall voltage which appears in the Hall effect sensor. In the case of variable magnetic induction we measure the effective value of that voltage, and thus also of the 'effective' value of magnetic induction. Taking into account that for harmonic frequencies , where B p is the value measured by the teslameter, in the case of a static magnetic field the flux density is: and for a variable (alternating) magnetic field:
where: B -value of magnetic induction measured with teslameter (in teslas). The exposure dose (D) is then defined by the relation:
Knowing that
where: ρ -flux density of magnetic field, t -time of exposure.
The effect of magnetic field on seeds can be determined through the study of germination kinetics after prior magnetic field stimulation of the seeds. In this case, the germination kinetics curves obtained are described by one of the logistic curves which represents that effect the best.
On the basis of experimental data, we can fit eg the curvilinear equation of Malthus-Verhulst (Pietruszewski, 2001) :
where: N(t) -number of germinated kernels in time t, N k -final number of germinated kernels, a -germination speed coefficient, t 0 -time of germination of the first kernel.
On the basis of the logistic curve also the speed of germination was determined:
where: v k -germination speed.
Both the logistic curve and the germination speed curve model the process of germination of stimulated seeds very well, and the fitting errors of the curves do not exceed 8%. Differentiating Eq. (7) and comparing it to zero we get the possibility of determining the extreme value (maximum) of germination speed and the time at which it occurred:
and t = t max for N k = 2 N(t), and then we get:
It is also possible to use another logistic function (Dziewulska-Hunek and Kornarzyński and Pietruszewski, 2005; Torres and Frutos, 1990 ), such as:
where: N(t) -number of germinated seeds in time t, N kfinal number of seeds, Β and K -coefficients, t -time of germination.
Experiments were conducted with the application of two exposure doses in pre-sowing magnetic field stimulation of spring wheat seeds. The experiments were concerned with measurements of germination kinetics that were subsequently verified in field experiments. After 4 days from the final stimulation, the seeds were sown on experimental plots at the rate of 600 kernels per 1 m 2 in 5 replications including the control treatment. The harvest was made by hand (Pietruszewski and Kania, 2010) .
The magnetic exposure doses were obtained in two ways (Table 1) . Dose D13 was obtained over three consecutive days using alternating magnetic field with magnetic induction of 30 mT and exposure time of 6 s. The identical dose D11 was obtained at 45 mT and exposure time of 8 seconds. Dose D23 was obtained applying a field of 30 mT and exposure time of 8 seconds for three consecutive days, and dose D13 in a single treatment at magnetic induction of 60 mT and exposure time of 8 s.
The germination kinetics of seeds subjected to pre-sowing stimulation with magnetic field was described with the Malthus-Verhulst Eq. (6).
The germination kinetics for all the exposure doses and for the control treatment were recorded in three replicates by means of an electronic seed germinator (Patent, PL 378397). Germination kinetics curves were plotted on the basis of the calculated mean values. Then, for the particular germination kinetics curves, logistic curves were fitted in accordance with Eq. (6) and the parameters of the logistic curves were calculated, the values of which are given in Table 2 .
The results of the field tests, taking into account their statistical evaluation, are presented in Table 3 . The field experiments support the results obtained earlier by means of the electronic seed germinator. The level of yields and the biometric features of the plants are dependent on the value of the magnetic exposure dose, irrespective of the manner of its obtainment. Magnetic field does not act selectively, but has an overall effect. Not only the yields for seeds subjected to pre-sowing stimulation are higher, A static magnetic field was applied for pre-sowing stimulation of seeds of cabbage and onion (Pietruszewski, 2002) . Cabbage seeds were stimulated with magnetic fields with induction values of 70, 120 and 210 mT, while onion seeds with fields of 40 and 80 mT. The germination results obtained permitted the plotting of logistic curves on the basis of Eq. (6). The logistic curves are presented in Fig. 1 . The black dots represent values obtained from measurements, while the lines are the logistic functions calculated. Cabbage seeds germinated at the same rate irrespective of the value of magnetic induction applied for the pre-sowing stimulation. Onion seeds responded differently to the stimulation. Earlier germination was noted for seed stimulated with the magnetic field of 80 mT. Apart from that, the logistic curves could not be fitted as perfectly as in the case of cabbage seeds. The results obtained demonstrate that the effect of magnetic field depends not only on the value of magnetic induction applied, but also on the kind of seeds (plants) subjected to the stimulation.
To determine the effect of a static magnetic field a study was conducted on the relative germination capacity of wheat kernels (germination capacity of stimulated seeds/ germination capacity of control seeds) for various values of magnetic induction.
The results obtained are presented in Fig. 2 . Observations were conducted after 30, 35, 40, 45 and 50 h from stimulation (Pietruszewski et al., 2001b) . Means in the same row with the same letters are not significantly different. The best germination capacity was obtained for 100 and 180 mT.
A very weak static magnetic field of 0.5 mT was applied for pre-sowing stimulation of onion seeds. An increase was obtained in leaf area and in the content of protein and chlorophylls in onion seedlings (Nowicki et al., 2001) . Treatment of maize seeds with a static magnetic field of 150 mT (Aladjadjiyan, 2007) resulted in stem growth in growing plants, and in the case of fields of 60-200 mTan increase of yields. The effect of a static magnetic field of 150 mT at four exposure times (Aladjadjiyan, 2010) on the process of germination of lentil seeds demonstrated better germination of the seeds. Studies conducted in Spain were focused on seeds of rice and barley. The application of fields of 150 and 200 mT resulted in faster germination of rice seeds , and in the case of a field of 125 mT improved yields of barley were obtained at exposure time of 24 h . Magnetic fields of 125 and 250 mT produced by means of permanent magnets were used to study the effect of fields generated thereby on the germination of potato seeds (Martinez et al., 2009) . A positive effect was observed for the exposure times applied, and curves of germination kinetics were plotted. It is a pity that the authors did not describe those curves with logistic equations. A static magnetic field of 2.9-4.6 mT was applied on soybean seeds (Atak et al., 2005) . The magnetic field had a positive effect on root development and on the content of chlorophylls a and b. Static magnetic fields with various values of magnetic induction -50, 100, 150, 200 and 250 mT -were applied for pre-sowing stimulation of seeds of chickpea (Vashisth and Nagarajan, 2008) . The positive effects observed concerned not only germination but also the length of roots and leaves. A static magnetic field of 250 mT was applied to determine its effect on the germination and on seedling growth of sunflower (Vashisth and Nagarajan, 2010) . It was found that the pre-sowing stimulation with the magnetic field caused not only faster germination but also an increase of seedling mass.
A combination of four different static magnetic fields, of 60, 116, 168 and 200 mT, was applied to determine the germination of black gram (Vigna mungo) seeds (Mahajan and Pandey, 2011) . A positive effect of the magnetic fields applied was observed, and in addition the germination kinetics was described with the use of the Malthus-Verhulst logistic equation. The combination of magnetic stimulation and magnetic-treated water was applied in relation to tomato seeds (Abou El-Yozied et al., 2012) . Unfortunately, the authors used old units. The stimulation was performed using a magnetic field of 100 Gs (10 mT), and the water was treated with a field of 800 Gs (80 mT). The pre-sowing magnetic stimulation caused not only faster germination, but also better quality of yields. The combination of presowing magnetic stimulation and irrigation with magnetictreated water caused the same effect, but amplified. Another type of research is presented in a paper by Hirota et al. (1999) who applied a static magnetic field of very high magnetic induction, in this case 10 T. Such a strong magnetic field was obtained through the use of the phenomenon of superconductivity. In fields of 10 and 7 T vastly improved germination of cucumber seeds was observed relative to the control sample.
Seeds of common sage and marigold were treated with a static magnetic field of 125 mT (Flórez et al., 2012) . The germination of the seeds of the selected herbs was determined in relation to the exposure dose applied. The results were presented, among others, in the form of germination kinetics curves (Fig. 3) . The results obtained are highly interesting.
Seeds of chickpea are a good object of research. Magnetic field of 20, 40, 60, 80 and 100 mT, obtained within a solenoid, was used for 1 h pre-sowing stimulation of seeds of two chickpea cultivars -Pusa 256 and Pusa 1055 (Simi et al., 2013) . The length of roots and leaves was measured in relation to the direction of growth and to the direction of the magnetic field. The best effects were obtained when both of those directions coincided. The greatest increase of root length in cultivar 256 was noted for 60 mT, and in cultivar 1 055 for 80 mT. The best increase in leaf length relative to the control sample was observed for cultivar 256 at 60 mT, and for cultivar 1 055 at 100 mT.
The germination of black gram seeds in static magnetic field of 87, 157, 194 and 226 mT (Mahajan and Pandey, 2014) was studied at exposure time of 100 min. In all cases a positive effect of the magnetic field was observed. According to those authors, the germination kinetics is described well by the Malthus-Verhulst equation. They introduced a new concept -the 'magnetic-time model' ie the product of magnetic induction and of the time of exposure. The authors of this work conclude that the expression describes well the process of germination of seeds subjected to pre-sowing stimulation with magnetic field. Table 4 compiles all the references cited, listing the authors, year of publication, plants (seeds) studied, magnetic field used, and effects obtained.
The effects of static and alternating magnetic field on seeds differ, due to the character of the field. To determine the effect of alternating magnetic field a study was conducted on the relative germination capacity of wheat kernels (germination capacity of stimulated seeds/germination capacity of control seeds) for various values of magnetic induction.
The results obtained are presented in Fig. 4 . Observations were conducted after 45, 48, 50, 53, 56 and 60 h from stimulation (Pietruszewski et al., 2001a) .
The speed of germination of those kernels was determined on the basis of Eq. (7). Germination speed of seeds stimulated with alternating magnetic field was calculated for two values of magnetic induction used for the stimulation: 35 and 50 mT. Those were the fields for which the highest values of relative germination capacity were obtained. The procedure was the same as in the case of static magnetic field. In this case the calculations were made for 100 and 185 mT. The results obtained are presented in graphs (Fig. 5) .
The presented results show that alternating magnetic field causes an increase of germination capacity relative to the control at lower values of magnetic induction than the static field (alternating field -35 mT, static field -100 and 185 mT). Also the speed of germination of whet kernels stimulated with the alternating magnetic field attains a higher maximum value than those stimulated with the static field, and 10 h sooner.
Alternating magnetic field is used both for the determination of its effect on seed germination and in pre-sowing stimulation verified in field experiments.
A field study with seeds of four beet cultivars -Colobri, Evita, Kawetina and Maria -was conducted in three successive years of vegetation (Pietruszewski and Wójcik, 2000) . The value of magnetic induction applied for pre-sowing seed stimulation was 75 mT, and the times of exposure were 8, 15, 30 and 60 s, which corresponded to magnetic exposure doses of 35.84, 67.2, 134.4 and 268.8 kJ m -3 s. The results obtained showed that the magnetic field had a positive effect only in the case of cultivar Maria.
An alternating magnetic field was applied, at two exposure doses, D1 = 10.75 kJ m -3 s (30 mT, 15 s) and D2 = 85.99 kJ m -3 s (85 mT, 15 s), for pre-sowing stimulation of seeds of leguminous plants. In the first case the effect of the field was applied on seeds of broad bean (Podleśny et al., 2004) , and in the second on seeds of pea (Podleśny et al., 2005) , and the germination of the seeds and the plant yields were estimated. In the case of broad bean, better germination relative to control was observed, and higher yields. In the second case also improved germination was noted, and based on field tests it was found that better yields were obtained, especially in the case of cultivar Piast. Fig. 4 . Relative germination capacity of wheat kernels subjected to pre-sowing stimulation with alternating magnetic field.
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A magnetic field with induction in the range of 40-78 μT and frequency of 60 Hz was used to determine its effect on the germination of seeds of several plant species (Davis, 1996) . The author of that study demonstrated that in the case of seeds of barley and radish the effect of magnetic field was positive and increased their germination capacity, root and leaf mass, and stem diameter. In the case of mustard, however, no effect was observed. Alternating magnetic induction of 15 μT and 50Hz was applied to determine its effect on the germination of seeds of cork oak (Celestino et al., 1998) . The results presented by the authors demonstrate that such a weak magnetic field considerably improves the germination of the seeds.
Using a magnetic field with induction of 100 μT and frequency of 50 Hz for pre-sowing stimulation of garden cress an acceleration of growth and an increase of green matter were observed (Guttzeit, 2001) . Rochalska et al. (2007) demonstrated that an alternating magnetic field of 16 Hz, 5 mT, caused an inhibition of alpha-and beta-amylase activity in the case of wheat. Whereas, in a study by Aksenov et al. (2001) it was demonstrated that a magnetic field of 50 Hz, 30 mT, applied on wheat stimulated the growth of roots and sprouts. A weak magnetic field of 20 μT and frequency of 16⅔ Hz caused an increase of mass and plant height in the case of sunflower, while better germination of wheat was demonstrated in another study (Fischer et al., 2004) . Ratushnyak et al. (2008) demonstrated that a high-frequency magnetic field of 30-60 GHz and flux of 10 -16 -10 -10 W cm -2 , and exposure times of 5 -15 min, caused a stimulation of microflora growth in the case of pine seeds.
A combination of alternating magnetic field and laser light was applied for the determination of the effect of both of those factors on seeds of amaranth (Sujak et al., 2009; Sujak and Dziewulska-Hunek, 2010) . Seed stimulation with both factors and their combination produced an effect on the yields and on the content of microelements in the grain obtained.
The effect of alternating magnetic field (60 Hz) of 20, 60 and 100 mT, for several times of exposure, on the emergence of three maize genotypes in field conditions is presented in a paper by Aguilar et al. (2009) , concluding that the effect depends on the plant genotype. The effect of magnetic fields, in the range of 0.5 mT to 30 mT and long time of exposure, on the germination of a mixture of seeds of black medick and dodder (parasitic plant) is presented in another referenced paper (Balonchi et al., 2009) . The magnetic fields applied improve the germination of black medick and inhibit that of dodder. The authors of that paper concluded that in the case considered the use of magnetic field treatment can be a weed control treatment. A positive effect of alternating magnetic field of 480 mT and five exposure times was observed in the case of maize seeds (Zapeda Bautista et al., 2010) . Whereas, pre-sowing stimulation with alternating magnetic field of 30 mT did not cause any statistically significant increase of yields of spring wheat in the case of mechanised cultivation (Bujak and Frant, 2009 
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Magnetic induction Effect References
Barley, radish, mustard 40-78 μT, 60 Hz Positive effect on seeds of barley and radish, no effect on mustard Davis (1996) Cork oak 15 μT, 50 Hz Better germination Celestino et al. (1998) Sugar beet 75 mT, 50 Hz Better yields for cv. Maria Pietruszewski and Wójcik
Wheat 30 The effect of magnetic field on the germination and growth of kernels of durum wheat (Triticum durum) is presented in a paper by Muszyński et al. (2009) . Seeds of two amaranth cultivars, Aztek and Rawa, were subjected to pre-sowing stimulation with laser light, an alternating magnetic field of 30 mT, and the combination of laser + magnetic field (Dziewulska-Hunek et al., 2009) . All of those treatments caused better germination of the seeds. Another combination of treatments was applied in the case of sunflower seeds (Matwijczuk et al., 2012) . In this case an alternating magnetic field of 30 mT and magnetically treated water were used. The results obtained were presented in the form of tables and logistic curves. They confirmed the positive effect of magnetic field and of the combination of magnetic field and magnetically treated water on the process of seed germination.
Three values of magnetic induction obtained by means of a specially designed solenoid supplied with alternating voltage of 50 Hz were applied for the determination of the effect of that field on potato yields and quality (Marks and Szecówka, 2010) . The magnetic fields used were determined according to the exposure dose (Eq. 5). The best results were obtained for the highest dose of 18334.7 kJ m -3 s (80 mT). In another study an alternating magnetic field of 16 Hz and 5 mT was applied in relation to wheat (Rochalska et al., 2011) . It was found that after 20 days from sowing a distinct positive effect of the pre-sowing stimulation with the magnetic field could be observed. An alternating magnetic field of 50 Hz, magnetic induction of 60, 120 and 180 mT and exposure times of 5, 10 and 15 min was applied in the case of pea seeds (Iqbal et al., 2012) . The length of leaves and roots, the dry matter of leaves and roots and the content of chlorophylls a and b were analysed. The best effect on leaves and roots was noted for 120 mT and 15 min and for 180 mT and 10 min. An increase of chlorophyll a was observed for 60 mT 5 and 15 min and for 120 mT and 5 min. Chlorophyll b increased in relation to the control for 60 mT, 5 min and 120 mT, 5 min.
Pre-sowing stimulation of seeds of hoary plantain (Plantago media L.) is described in a paper by Shashurin et al. (2014) who used an alternating magnetic field of 50 Hz and magnetic induction values of 350, 550, 800, 1150, 1600 and 2000 mT. The authors determined the effect of the magnetic field on the germination and on the physiological and biochemical properties of seedlings. They found that the magnetic field did not affect seed germination. Chlorophyll b was the highest for magnetic field of 350 mT, while indices MDA, SOD and LMAO were notably higher than in the control for fields of 800 and 1150 mT.
Seeds of radish were treated with magnetic field of 50 Hz and 500 μT generated by means of the Helmoholtz coil (Novitskij, 2014) . A significant effect of the field on seed germination and on the biophysical properties of seedlings was observed.
Magnetic field of 480 mT generated in a solenoid supplied with alternating voltage of 60 Hz was used to determine its effect on the yields of two maize cultivars: San Juan and San Jose (Zepeda-Bautista, 2014). Seeds were placed inside the coil for 3, 6, 9, 12 and 15 min. It was found that the plant height was the greatest for cultivar San Jose in relation to the control, for exposure time of 12 min, while the yields of both cultivars were the highest for the same time of exposure.
Alternating magnetic field of 60 Hz, magnetic induction of 2 mT and exposure time of 3 min was applied for seeds of coffee cultivar Arabica (Aleman et al., 2014) . After pre-sowing stimulation the seeds were sown and an increase of chlorophylls a and b relative to the control was determined. The increase of chlorophyll a was greater than of chlorophyll b.
Five spring wheat cultivars (Banti, Łagwa, Parabola, Sewilla and Żura) were subjected to pre-sowing treatment with alternating magnetic field. Two exposure doses were applied: D1 = 21.50 kJ m -3 s (30 mT, 30 s) and D2 -7.16 kJ m -3 s (30 mT, 10 s) (Pietruszewski et al., 2013) . Germination kinetics was measured by means of the electronic seed germinator (Patent, PL 378397) every 1 h. Then the kinetics was described by means of a logistic curve and its parameters were determined. The experimental data permitted the conclusion that each of the wheat cultivars responded individually to the magnetic field applied.
The cited studies on the effect of alternating magnetic field on plant seeds are compiled in Table 5 .
CONCLUSIONS
The effect of magnetic field on plant seeds has been researched over a very broad range of values of magnetic induction. The values varied from just over ten microteslas to as much as 10 T. The difference between those extreme values is of the order of one million times. The effect of magnetic field depends on its energy ie on the value of magnetic induction squared. Hence, comparing the extreme cases, the effects of those fields differed 10 12 -fold. And the scale of those differences makes the comparison of the effects of those fields difficult.
Alternating magnetic induction of 15 μT and 50Hz was applied in the determination of its effect on the germination of seeds of cork oak (Celestino et al., 1998) . Magnetic fields in the range of 40-78 μT and 60 Hz were applied to determine their effect on the germination of seeds of several plant species (Davis, 1996) .
Another type of research is presented in a paper by Hirota et al. (1999) who applied a static magnetic field of very high magnetic induction, in this case 10 T. Such a strong magnetic field was obtained through the use of the phenomenon of superconductivity. In fields of 10 and 7 T greatly improved germination of cucumber seeds was observed relative to the germination in the control sample. This is clearly seen in the several publications released in recent years. A detailed review quotes 267 different articles, in which the range of the magnetic fields applied is very large (Gallant and Pazur, 2005) . This can be seen also in a collective work (Hunt et al., 2009) , in which 201 scientific articles were analysed and quoted. The recent publications comprise 2 articles (Dhawi, 2014; Maffei, 2014) . Within these works the authors quote a number of publications where the range of magnetic induction applied varies from mT to T, thus differs up to the level of 109 times.
Comparing those studies one can note that in spite of very large differences in the values of magnetic induction applied the effects are highly similar -a positive effect of alternating magnetic field is observed.
A separate issue is the application of static and alternating magnetic fields. At present the mechanism of magnetic field effect on seeds and plants is not known, but one can say that the mechanism will be different in the case of static magnetic field and different in the case of alternating magnetic field. In most of the references cited a positive effect is observed for lower values of magnetic induction of an alternating field than in the case of a static magnetic field.
The cited research results cannot provide an unambiguous explanation of the mechanism of magnetic field effect on living organisms, in this case plant seeds. However, we can suppose that alternating magnetic field stimulates enzymatic activity, which causes an increase in seed germination speed. Stimulated seeds not only germinate faster, but also more uniformly, they start vegetation as plants earlier, and thanks to this higher yields are obtained. At this point we can refer to the remarks of Wadas (1991) who states that magnetic field, below a certain limit value of intensity which is hard to define for various organisms, causes an increase of enzyme activity, accelerating their metabolism. Increased enzyme activity under the effect of magnetic fields is observed also in the organisms of animals. It is assumed, therefore, that this can be considered as a general rule of nature. It should also be emphasised that in the effect of magnetic field on living organisms there is an absence of any selectivity of that field. Magnetic field acts on all molecules, and thus also on those that do not require its effect. Weiss and Zerrenthin (1987) noted that although the effect of magnetic fields on living organisms (humans, animals, plants) fascinated researchers for a long time, magnetobiophysics as a science is still at its beginnings. He believes that in the nearest future magnetic fields will be applied on a large scale in biology, medicine, agriculture and in the economics of food materials.
The occurrence of excited states of ions and magnetic molecules is the exclusive feature of living organisms. Such states are caused by the effect of electrostatic, magnetostatic, electromagnetic and gravitational fields. The mutual relations among those fields, their astonishing synthesis in living organisms, and the relation of those fields with life are problems facing physicists and biologists (Wadas, 1991) .
The Malthus-Verhulst logistic equation proved to be highly useful for the estimation of the effect of magnetic field. That equation was also successfully applied by Mahajan and Pandey (2011) for the determination of the effect of magnetic field on the germination of black gram seeds. The comparison of the parameters of the logistic curve and the germination kinetics curves permits correct determination of the effect of magnetic field on plant vegetation. That effect is strongly varied. It depends on the exposure dose ie the intensity of magnetic field and the time of exposure, but also it depends on the plant species and cultivar. The data presented herein demonstrate clearly that there is no possibility of an unambiguous statement that magnetic field effects are positive or negative. Studies on germination kinetics are laboratory studies. They provide information, but the information is of a preliminary character and should be verified based on field experiments.
